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We study nuclear dependencies of azimuthal asymmetries in the Drell-Yan lepton
pair production in nucleon-nucleus collisions with polarized nucleons. We use the
“maximal two-gluon correlation approximation,” so that we can relate the transverse-
momentum-dependent quark distribution in a nucleus to that in a nucleon by a con-
volution with a Gaussian broadening. We use the Gaussian ansatz for the transverse
momentum dependence of such quark distribution functions and obtain the numer-
ical results for the nuclear dependencies. These results show that the qT -integrated
azimuthal asymmetries are suppressed.
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2I. INTRODUCTION
Both the deep inelastic scattering (DIS) off hadrons and the Drell-Yan (DY) pro-
cess in hadron-hadron collision have been playing very important roles in studying
the structure of hadrons and the dynamics of quantum chromodynamics (QCD).
Correspondingly, the DIS off nuclei and the DY process in hadron-nucleus colli-
sions are also very important in studying the nuclear structure and the properties
of cold nuclear matter. By studying the corresponding semi-inclusive processes,
we can study not only the longitudinal but also the transverse momentum depen-
dence of the parton distribution functions. In this connection, the semi-inclusive
DY process is even more suitable to study the structure of hadrons or that of
nuclei because no fragmentation function is involved. Azimuthal asymmetries are
often sensitive physical variables for such studies and thus have attracted much
attention [1–14].
When a parton transmits through nuclear matter, the multiple gluon scattering
with the nuclear matter leads to energy loss and transverse momentum broaden-
ing [15–27]. The multiple parton interaction results in also nuclear dependencies
of azimuthal asymmetries. This provides a good alternative probe of properties
of the nuclear matter. The nuclear dependence of the azimuthal asymmetry in
semi-inclusive deep inelastic scattering (SIDIS) has been studied recently [28–30].
In this paper, we extend the study in Refs.[28, 29] to the DY process in nucleon-
nucleus collisions. In Sec. II, we review the result of the differential cross section
in the DY process with the polarized nucleon beam in terms of the transverse-
momentum-dependent(TMD) parton distributions up to twist-2 level. In Sec. III,
we study the nuclear dependence of the angular distribution of the DY lepton pair
by relating the TMD quark distributions in a nucleus to that in a nucleon. We also
illustrate the numerical results with an ansatz of the TMD parton distributions in
a Gaussian form. We give a brief summary in Sec. IV.
3II. DIFFERENTIAL CROSS SECTION AND AZIMUTHAL
ASYMMETRIES
We consider the semi-inclusive DY process in nucleon-nucleus collisions with
the transversely or longitudinally polarized nucleon beam,
N(p1, s) + A(Ap2) → γ∗(q) +X → l+(l) + l−(l′) +X, (2.1)
where p1, p2, q, l, and l
′ are the four-momenta of the beam nucleon, one nucleon in
the nucleus target, the virtual photon, the anti-lepton, and the lepton, respectively,
and s denotes the polarization vector of the incident nucleon. We use the light cone
coordinate by introducing two light like vectors, n+ = [1, 0,~0⊥] and n− = [0, 1,~0⊥],
and express the momenta p1 and p2 as
pµ1 = p
+
1 n
µ
+ +
M2
2p+1
nµ−, (2.2)
pµ2 =
M2
2p−2
nµ+ + p
−
2 n
µ
−, (2.3)
where p+ = p ·n−, p− = p ·n+, andM denotes the mass of the nucleon. We restrict
our study to the kinematic region where the transverse momentum qT of the DY
pair is much less than its invariant mass Q =
√
q2. In this case, the differential
cross section for the semi-inclusive DY process can be calculated in the framework
of the TMD factorization theorem [31, 32]. Such calculations have been carried
out for hadron-hadron collisions; the results can be found in, e.g., Refs.[33–35].
We note that such calculations can be extended to nucleon-nucleus collisions in a
straightforward way and, at the twist-2 level, the differential cross section is given
by
dσ
d2Ωd2qTdx1dx2
=
α2em
4Q2
{
(1 + cos2 θ)F0 [f1, f1] + sin2 θ cos 2φF1
[
h⊥1 , h
⊥
1
]
+ λs sin
2 θ sin 2φF1
[
h⊥1L, h
⊥
1
]− |~sT |(1 + cos2 θ) sinφsF2 [f⊥1T , f1]
+|~sT | sin2 θ sin(2φ− φs)F3
[
h1, h
⊥
1
]
+ |~sT | sin2 θ sin(2φ+ φs)F4
[
h⊥1T , h
⊥
1
]}
,(2.4)
4where λs and ~sT are, respectively, the helicity and the transverse polarization
vector of the nucleon; θ, φ, and φs are, respectively, polar and azimuthal angles
of the lepton pair and azimuthal angle of the polarization vector of the nucleon
with respect to the transverse vector ~qT in the Collins-Soper frame. The Fj [f, h]’s
(j = 0 through 4) are functionals of f(x,~kT ) and h(x,~kT ) that are defined as
convolutions weighted by χj(~qT , ~k1T , ~k2T ),
Fj[f, h] ≡ 1
3
∑
a
e2a
∫
d2k1T
(2π)2
d2k2T
(2π)2
δ2(~k1T + ~k2T − ~qT )χj(~qT , ~k1T , ~k2T )
×
[
fN(x1, ~k1T ; a)h
A(x2, ~k2T ; a¯) + f
N(x1, ~k1T ; a¯)h
A(x2, ~k2T ; a)
]
, (2.5)
where f and h are the TMD distribution and/or correlation functions of quarks or
anti-quarks. The superscript N or A denotes whether it is for the nucleon or the
nucleus, and a and a¯ in the arguments denote the flavor of the quark and whether
it is for the quark or the anti-quark. The weights χj are given by
χ0 = 1,
χ1 =
1
M2
[
2
(
~k1T · ~ˆqT
)(
~k2T · ~ˆqT
)
− ~k1T · ~k2T
]
,
χ2 =
1
M
~k1T · ~ˆqT ,
χ3 =
1
M
~k2T · ~ˆqT ,
χ4 =
1
2M3
[
4
(
~k1T · ~ˆqT
)2 (
~k2T · ~ˆqT
)
− 2
(
~k1T · ~ˆqT
)(
~k2T · ~k1T
)
− ~k21T
(
~k2T · ~ˆqT
)]
,
where ~ˆqT ≡ ~qT/
√
~q 2T . All the parton distribution and correlation functions, f ’s
and h’s, given in Eq.(2.4) are defined by the twist-2 decomposition of the quark
correlation matrix [36–38],
Φ(x,~kT , s) =
{
f1
/n+
2
− f⊥1T
ǫρσT kTρsTσ
M
/n+
2
+ g1Lλs
γ5/n+
2
− g1T kT · sT
M
γ5/n+
2
+ h1T
γ5/sT /n+
2
+h⊥1Lλs
1
M
γ5/kT /n+
2
− h⊥1T
kT · sT
M
1
M
γ5/kT /n+
2
+ h⊥1
1
M
i/kT /n+
2
}
, (2.6)
5where ǫµνT = ǫ
µνρσn+ρn−σ with the total antisymmetric tensor ǫ
0123 = +1 and the
definition of the components of Φ(x,~kT , s) are given by,
Φαβ(x,~kT , s) ≡
∫
p+dy−
2π
d2y⊥
(2π)2
eixp
+y−−i~k⊥·~y⊥〈N, s | ψ¯β(0)L(0, y)ψα(y) | N, s〉, (2.7)
where L(0, y) is the gauge link that is necessary to ensure the gauge invariance of
the matrix. In the DY process, the gauge link in covariant gauge is given by
L(0, y) = L[y−, ~y⊥;−∞, ~y⊥]L†[0,~0⊥;−∞,~0⊥], (2.8)
where
L[y−, ~y⊥;−∞, ~y⊥] ≡ P exp
(
−ig
∫ y−
−∞
dξ−A+(ξ−, ~y⊥)
)
. (2.9)
It should be noted that the distribution function h1 in Eq. (2.4) is defined as the
mixture of h1T and h
⊥
1T ,
h1(x,~kT ) ≡ h1T (x,~kT ) +
~k2T
2M2
h⊥1T (x,
~kT ). (2.10)
We see that the differential cross section is determined by six TMD quark and
anti-quark distributions and correlation functions f1(x,~kT ), f
⊥
1T (x,
~kT ), h
⊥
1 (x,
~kT ),
h1(x,~kT ), h
⊥
1T (x,
~kT ), and h
⊥
1L(x,
~kT ). Each of them represents a given aspect of the
parton structure of the nucleon, e.g., f⊥1T (x,
~kT ) is the Sivers function[39, 40] which
describes the correlation between the transverse momentum distribution and the
transverse polarization of the nucleon, and h⊥1 (x,
~kT ) is the Boer-Mulders func-
tion [41], which describes the correlation between the transverse quark momentum
distribution and the transverse quark polarization in an unpolarized nucleon. In
the TMD factorization formalism, all these distribution functions are unknown
and cannot be calculated perturbatively. They can usually be obtained from pa-
rameterizations of experimental data or from model calculations (see, e.g., Refs.
[42–64]). We should also note that these correlation functions such as the Sivers
and the Boer-Mulders functions reflect not only the intrinsic motion of a parton
6inside a nucleon but also the multiple gluon scatterings (referred as initial or fi-
nal state interaction) contained in the gauge link. In this connection, we recall
the proof of Collins [65] that Sivers function is zero if we take the gauge link as
unity. The same conclusion applies to the Boer-Mulders function. An intuitive
but semiclassical picture for the non-zero Sivers function or the existence of left-
right single-spin asymmetry was proposed in the 1990s[66] where one invokes the
orbital angular momentum of quark and differentiates between the “front” and
“back” surface of a nucleon due to the initial state interaction. This agrees qual-
itatively with the field theoretical calculations later on by Brodsky, Hwang, and
Schmidt [67], where they use a non-zero orbital angular momentum of quark and
take the initial state interaction into account explicitly and obtain a nonzero re-
sult for the Sivers function. Apparently, the same picture lead also to nonzero
Boer-Mulders function.
We can integrate over the polar angle θ in Eq.(2.4) and obtain
dσ
dφd2qTdx1dx2
=
α2em
3Q2
{
2F0 [f1, f1] + cos 2φF1
[
h⊥1 , h
⊥
1
]
+ λs sin 2φF1
[
h⊥1L, h
⊥
1
]− 2|~sT | sinφsF2 [f⊥1T , f1]
+|~sT | sin(2φ− φs)F3
[
h1, h
⊥
1
]
+ |~sT | sin(2φ+ φs)F4
[
h⊥1T , h
⊥
1
]}
. (2.11)
We see that there are five kinds of different azimuthal asymmetries that are given
by the average of cos 2φ, sin 2φ, sin φs, sin(2φ− φs), and sin(2φ+ φs) respectively.
7In terms of parton distribution and correlation functions, they are given by
Acos 2φNA =
F1
[
h⊥1 , h
⊥
1
]
4F0 [f1, f1] , (2.12)
Asin 2φNA = λs
F1
[
h⊥1L, h
⊥
1
]
4F0 [f1, f1] , (2.13)
AsinφsNA = −|~sT |
F2
[
f⊥1T , f1
]
2F0 [f1, f1] , (2.14)
A
sin(2φ−φs)
NA = |~sT |
F3
[
h1, h
⊥
1
]
4F0 [f1, f1] , (2.15)
A
sin(2φ+φs)
NA = |~sT |
F4
[
h⊥1T , h
⊥
1
]
4F0 [f1, f1] , (2.16)
where the subscript NA denotes the nucleon-nucleus collisions. They differ from
those for nucleon-nucleon collisions only by the quark distribution and/or correla-
tion functions as given by Eq. (2.7).
We also note that these asymmetries exist in collisions with the unpolarized,
longitudinally polarized, and transversely polarized nucleon beams. In the unpo-
larized case, only cos 2φ exists and is determined by the Boer-Mulders functions
h⊥1 . There is one single spin-asymmetry (SSA) sin 2φ in collisions with the lon-
gitudinally polarized beam, and it is determined by the longitudinal transversity
h⊥1L and the Boer-Mulders function h
⊥
1 . There are three SSAs in collisions with
the transversely polarized beam. They are represented by sinφs, sin(2φ−φs), and
sin(2φ+φs). The well-known SSA sinφs is determined by the Sivers function f
⊥
1T ,
while sin(2φ+ φs) and sin(2φ− φs) are determined by the Boer-Mulders function
h⊥1 together with the pretzelosity h
⊥
1T or h1 mixed from h1T and h
⊥
1T respectively.
Although we still do not know much about them, these functions have been stud-
ied in semi-inclusive DIS [68–71] and some rough parameterizations have already
been made [43, 44, 55, 72, 73].
8III. NUCLEAR DEPENDENCE
It has been shown [24, 28] that multiple gluon scattering represented by the
gauge link given by Eq. (2.8) leads to a strong nuclear dependence of the TMD
parton distribution and/or correlation functions. Because all the asymmetries
presented above are functionals of these parton correlation functions, we expect
strong nuclear dependence of these asymmetries. We discuss them in the following.
A. Nuclear dependence of the TMD parton correlation function
In Ref. [24], with the assumption that the nucleus is large and weakly bound,
the multiple-nucleon correlation can be neglected; the nuclear effect can only arise
from the final state interaction in the form of multiple gluon scattering that is
encoded into the gauge link in the definition of the TMD parton distributions.
The important trick for the derivations is that the TMD quark distributions in
nucleons or nuclei can be rewritten as a sum of higher-twist collinear parton matrix
elements,
fA1 (x,
~kT ) =
∫
dy−
2π
eixp
+y−〈A | ψ¯(0)γ
+
2
e
~WT (y
−)·~∇kT ψ(y−) | A〉δ(2)(~kT ), (3.1)
where ~WT (y
−) is the parton transport operator and is given by
~WT (y
−) ≡ i ~DT (y−) + g
∫ y−
−∞
dξ− ~F+T (ξ
−), (3.2)
with ~DT (y
−) being the covariant derivative. For simplicity, we have chosen the
light-cone gauge in which the collinear gauge link disappears in the above. The
nuclear effect arises when the the parton transport operator acts on the differ-
ent nucleons. Under the “maximum two-gluon correlation approximation” [24],
the nuclear TMD parton distribution has been expressed in terms of a Gaussian
convolution of the same TMD distribution in a nucleon, i.e.,
fA1 (x,
~kT ) ≈ A
π∆2F
∫
d2lT e
−(~kT−
~lT )
2
∆2F fN1 (x,
~lT ), (3.3)
9where ∆2F denotes the total average squared transverse momentum broadening.
Furthermore, it has been shown in Ref.[28] that the relation can be extended to a
much more general case so that
ΦA(x,~kT ) ≈ A exp
[
∆2F
4
∇2kT
]
ΦN(x,~kT )
=
A
π∆2F
∫
d2lT e
−(~kT−~lT )
2/∆2FΦN (x,~lT ), (3.4)
where the components of the matrix ΦA are defined in Eq.(2.7). A somewhat
different derivation can be found in Ref. [23, 74] where they resumed all the
possible gluon exchange attached to different nucleons in the nucleus and obtained
a diffusion equation that leads to the Gaussian convolution, the same result as
that obtained in Ref. [24]. Recently it has been shown [75] that such simple
Gaussian convolution will be broken by the process-dependent gauge links in cold
nuclear matter when the finite volume effects are considered. In Ref. [24] and
the current paper, we consider the limiting case of very large nuclei and neglect
the finite volume effects. In the approach presented in Ref. [75], the authors try
to study the finite volume effects where they have to take some specified model
and consider the process-dependent gauge links. Their results are much more
complicated than those obtained in Refs. [24] and [23, 74] and they find that
the simple Gaussian convolution is broken. Here, in this paper, we consider the
simple case as considered in Refs. [24] and [23, 74] and take the simple Gaussian
convolution in the following.
For the DY azimuthal asymmetries presented in last section for nucleon-nucleus
collisions, besides the TMD quark distribution fA1 , the Boer-Mulders distribution
hA⊥1 in the nucleus is also involved. From the decomposition in Eq. (2.7), we can
express the Boer-Mulders distribution as the following
h
N/A⊥
1 (x,
~kT ) =
M2
2k2T
Tr
[
i/kT /n−Φ
N/A
]
. (3.5)
From the relation (3.4), we can show that the Boer-Mulders function in the nucleus
is related to that in the nucleon in the exactly same way as the twist-3 distribution
10
in Ref. [28], i.e.,
hA⊥1 (x,
~kT ) =
A
π∆2F
∫
d2lT
(~kT ·~lT )
~k2T
e−(
~kT−~lT )
2/∆2FhN⊥1 (x,
~lT ). (3.6)
If we take the Gaussian ansatz for the transverse momentum dependence, i.e.,
fN1 (x,
~kT ) =
1
πα
fN1 (x)e
−
~k2
T
α , (3.7)
hN⊥1 (x,
~kT ) =
1
πβ
hN⊥1 (x)e
−
~k2
T
β , (3.8)
where we have assumed different flavors have the same Gaussian widths for the
same types of TMD distributions and we have suppressed the flavor index. We
obtain from Eqs. (3.3) and (3.6) that
fA1 (x,
~kT ) =
A
π(α +∆2F )
fN1 (x)e
−
~k2
T
α+∆2F , (3.9)
hA⊥1 (x,
~kT ) =
Aβ
π(β +∆2F )2
hN⊥1 (x)e
−
~k2
T
β+∆2F . (3.10)
B. Nuclear dependence of the azimuthal asymmetry
It follows that azimuthal asymmetry cos 2φ in nucleon-nucleon and nucleon-
nucleus collisions are given by, respectively,
Acos 2φNN =
1
4M2
α
4β
S [h⊥1 , h⊥1 ]
S [f1, f1] ~q
2
T e
−
α−β
2αβ
~q 2
T , (3.11)
Acos 2φNA =
1
4M2
β2(2α +∆2F )
(2β +∆2F )3
S [h⊥1 , h⊥1 ]
S [f1, f1] ~q
2
T e
−
2(α−β)
(2α+∆2F )(2β+∆2F )
~q 2T , (3.12)
where we have defined a shorthand notation,
S [f1, f1] ≡ 1
3
∑
a
e2a
[
fN1 (x1; a)f
N
1 (x2; a¯) + f
N
1 (x1; a¯)f
N
1 (x2; a)
]
. (3.13)
It is obvious that we can obtain Acos 2φNN by simply setting ∆2F = 0 in A
cos 2φ
NA .
Hence we only present ANA in the other azimuthal asymmetries in the following
discussion.
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The nuclear effect of the azimuthal asymmetry cos 2φ can be measured by the
ratio,
Rcos 2φ ≡ A
cos 2φ
NA
Acos 2φNN
=
2α+∆2F
2α
(
2β
2β +∆2F
)3
e
(α−β)(2α+2β+∆2F )∆2F
2αβ(2α+∆2F )(2β+∆2F )
~q 2T . (3.14)
In the special case where α = β, we can obtain a simplified result
Rcos 2φ =
(
2α
2α +∆2F
)2
, (3.15)
which means that the azimuthal asymmetry cos 2φ in the DY process in nucleon-
nucleus collisions is suppressed compared to that in nucleon-nucleon collisions and
has no dependence on the transverse momentum of the lepton pairs. It is very
interesting that the suppression in Eq. (3.15) is very similar way to that of az-
imuthal asymmetry cos 2φ in SIDIS obtained in Ref. [29]. For the general case,
the nuclear modification factor can only depend on three independent variables:
η ≡ ∆2F/2α, qˆαT ≡ |~qT |/
√
2α, ζ ≡ β/α. (3.16)
The numerical results are plotted in Fig. (1), with ζ = 2 in panel (a) and 0.5 in
panel (b), respectively, as functions of η, at different scaled transverse momenta
qˆαT . We can see that they are very similar to the results that have been obtained
in Refs. [28, 29]. In the case ζ > 1, the azimuthal asymmetry is suppressed and
the suppression increases with the transverse momentum qˆαT . When ζ < 1, the
suppression will have the opposite dependence on qˆαT . Especially, the azimuthal
asymmetry could be enhanced, instead of suppression, for large enough transverse
momentum qˆαT . It means that the nuclear modification of the azimuthal asymme-
try and its transverse momentum dependence provides a very sensitive probe to
measure the width of the transverse momentum distribution in the TMD quark
distribution functions. A numerical estimate of the magnitude of ∆2F has been
made very recently [76] by using the empirical result for the transport param-
eter qˆ obtained from jet quenching in cold nuclei. Here, one uses ∆2F ≈ qˆLA
12
and qˆ ≈ 0.025GeV2/fm [77, 78], and the average of the transport distance LA in
a nucleus is LA = 3RA/4 = 3RNA
1/3/4. Take Au as an example, one obtains
∆2F ∼ 0.12GeV2, which leads to η ∼ 0.24 if we choose α = 0.25GeV2.
We can also calculate the qT -integrated azimuthal asymmetry, which is given
by
A¯cos 2φNA =
∫
d2~qTF1
[
h⊥1 , h
⊥
1
]∫
d2~qT4F0 [f1, f1] =
1
4M2
β2
(2β +∆2F )
S [h⊥1 h⊥1 ]
S [f1f1] . (3.17)
Therefore the qT -integrated nuclear modification factor of the azimuthal asymme-
try cos 2φ reads
R¯cos 2φ ≡ A¯
cos 2φ
NA
A¯cos 2φNN
=
2β
2β +∆2F
. (3.18)
Now let us turn to the azimuthal asymmetries associated with the polarization
of the incident nucleon, we can see four more distribution functions are involved in
Eq. (2.4): h⊥1L, f
⊥
1T , h1 and h
⊥
1T . Once more, to illustrate the nuclear dependence
of all these azimuthal asymmetries resulting from these TMD distributions, we
make four more Gaussian ansatz assumptions
hN⊥1L (x,
~kT ) =
1
πσ1
hN⊥1L (x)e
−~k2
T
σ1 , fN⊥1T (x,
~kT ) =
1
πσ2
fN⊥1T (x)e
−~k2
T
σ2 , (3.19)
hN1 (x,
~kT ) =
1
πσ3
hN1 (x)e
−~k2
T
σ3 , hN⊥1T (x,
~kT ) =
1
πσ4
hN⊥1T (x)e
−~k2
T
σ4 . (3.20)
Following the same routine, we can have
Asin 2φNA =
λs
4M2
σ1β(2α+∆2F )
(σ1 + β +∆2F )3
S [h⊥1L, h⊥1 ]
S [f1, f1] ~q
2
T e
σ1+β−2α
(2α+∆2F )(σ1+β+∆2F )
~q 2
T , (3.21)
AsinφsNA = −
|~sT |
2M
σ2(2α+∆2F )
(σ2 + α +∆2F )2
S [f⊥1T , f1]
S [f1, f1] |~qT |e
σ2−α
(2α+∆2F )(σ2+α+∆2F )
~q 2T , (3.22)
A
sin(2φ−φs)
NA =
|~sT |
4M
β(2α +∆2F )
(σ3 + β +∆2F )2
S [h1, h⊥1 ]
S [f1, f1] |~qT |e
σ3+β−2α
(2α+∆2F )(σ3+β+∆2F )
~q 2T , (3.23)
A
sin(2φ+φs)
NA =
|~sT |
8M3
σ24β(2α+∆2F )
(σ4 + β +∆2F )4
S [h⊥1T , h⊥1 ]
S [f1, f1] |~qT |
3e
σ4+β−2α
(2α+∆2F )(σ4+β+∆2F )
~q 2T . (3.24)
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FIG. 1: (Color online) Rcos 2φ in Eq.(3.14) as a function of η for different qˆαT and the
relative width ζ of the TMD quark distributions.
The nuclear modification factors corresponding to the above different azimuthal
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asymmetries are given by, respectively,
Rsin 2φ ≡ A
sin 2φ
NA
Asin 2φNN
=
(2α +∆2F )(σ1 + β)
3
2α(σ1 + β +∆2F )3
e
−
(σ1+β−2α)(σ1+β+2α+∆2F )∆2F
2α(2α+∆2F )(σ1+β)(σ1+β+∆2F )
~q 2
T , (3.25)
Rsinφs ≡ A
sinφs
NA
AsinφsNN
=
(2α +∆2F )(σ2 + α)
2
2α(σ2 + α+∆2F )2
e
−
(σ2−α)(σ2+3α+∆2F )∆2F
2α(2α+∆2F )(σ2+α)(σ2+α+∆2F )
~q 2T , (3.26)
Rsin(2φ−φs) ≡ A
sin(2φ−φs)
NA
A
sin(2φ−φs)
NN
=
(2α+∆2F )(σ3 + β)
2
2α(σ3 + β +∆2F )2
e
−
(σ3+β−2α)(σ3+β+2α+∆2F )∆2F
2α(2α+∆2F )(σ3+β)(σ3+β+∆2F )
~q 2
T , (3.27)
Rsin(2φ+φs) ≡ A
sin(2φ+φs)
NA
A
sin(2φ+φs)
NN
=
(2α+∆2F )(σ4 + β)
4
2α(σ4 + β +∆2F )4
e
−
(σ4+β−2α)(σ4+β+2α+∆2F )∆2F
2α(2α+∆2F )(σ4+β)(σ4+β+∆2F )
~q 2T . (3.28)
In the special cases of σ1 = σ3 = σ4 = 2α− β and σ2 = α, we can reduce them to
Rsin 2φ =
(
2α
2α+∆2F
)2
, Rsinφs =
2α
2α +∆2F
, (3.29)
Rsin(2φ−φs) =
2α
2α +∆2F
, Rsin(2φ+φs) =
(
2α
2α+∆2F
)3
. (3.30)
For the general cases, we can choose three independent variables for every nuclear
modification factor like we did for the azimuthal asymmetry cos 2φ. We choose
two same scaled variables η ≡ ∆2F/2α and qˆαT ≡ |~qT |/
√
2α for all the nuclear
modification factors, and the rest, ζ ≡ (σ1 + β)/2α, σ2/α, (σ3 + β)/2α and (σ4 +
β)/2α, correspond to the sin 2φ, sin φs, sin(2φ−φs), and sin(2φ+φs), respectively.
With these variables, it is obvious that Rcos 2φ and Rsin 2φ are the same functions
while Rsinφs and Rsin(2φ−φs) are the same. It should be noted that Rsinφs and
Rsin(2φ−φs) are very similar to the result of the azimuthal asymmetry cosφ in SIDIS
obtained in Ref.[28] and Rcos 2φ and Rsin 2φ are very similar to the result of the
azimuthal asymmetry cos 2φ in SIDIS obtained in Ref. [29]. Besides, in the new
scaled variables, the only difference between different azimuthal asymmetries is up
to an overall factor ζ/(ζ+η) with right power order. Because our calculation is only
qualitative, we do not show their numerical results in plots one by one. The shapes
and features of these azimuthal asymmetries associated with the polarization are
very similar to the unpolarized azimuthal asymmetry cos 2φ shown in Fig. 1. The
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qT -integrated angular asymmetries can be obtained in a very straightforward way:
A¯sin 2φNA = λs
∫
d2~qTF1
[
h⊥1L, h
⊥
1
]
4
∫
d2~qTF0 [f1, f1] =
λs
4M2
σ1β
(σ1 + β +∆2F )
S [h⊥1L, h⊥1 ]
S [f1, f1] , (3.31)
A¯sinφsNA = −|~sT |
∫
d2~qTF2
[
f⊥1T , f1
]
2
∫
d2~qTF0 [f1, f1] = −
|~sT |
2M
√
πσ2
2
√
(σ2 + α+∆2F )
S [f⊥1T , f1]
S [f1, f1] , (3.32)
A¯
sin(2φ−φs)
NA = |~sT |
∫
d2~qTF3
[
h1, h
⊥
1
]
4
∫
d2~qTF0 [f1, f1] =
|~sT |
4M
√
πβ
2
√
(σ3 + β +∆2F )
S [h1, h⊥1 ]
S [f1, f1] , (3.33)
A¯
sin(2φ+φs)
NA = |~sT |
∫
d2~qTF4
[
h⊥1T , h
⊥
1
]
4
∫
d2~qTF0 [f1, f1] =
|~sT |
8M3
3
√
πσ24β
4
√
(σ4 + β +∆2F )3
S [h⊥1T , h⊥1 ]
S [f1, f1] . (3.34)
It follows that the qT -integrated nuclear modifications of the single-spin azimuthal
asymmetries read
R¯sin 2φ =
σ1 + β
σ1 + β +∆2F
, R¯sinφs =
(
σ2 + α
σ2 + α +∆2F
)1/2
, (3.35)
R¯sin(2φ−φs) =
(
σ3 + β
σ3 + β +∆2F
)1/2
, R¯sin(2φ+φs) =
(
σ4 + β
σ4 + β +∆2F
)3/2
. (3.36)
We would like to mention that, although there are not many data available,
there are indeed measurements carried out on azimuthal asymmetries in DY pro-
cesses with nuclear targets. There are in particular measurements on 〈cos 2φ〉 in
πd and πA collisions [79–82]. It is obvious that the results for the differential
cross section given by Eq. (2.4) are applicable to reactions with pion beams as
long as we drop all the polarization-dependent terms because a pion is a spin zero
object. We expect formulas for 〈cos 2φ〉 similar to those given by Eqs. (3.11) and
(3.12) and also a nuclear suppression effect similar to that given by Eq. (3.14).
It is therefore clear that precise measurements of the asymmetry 〈cos 2φ〉 in these
collisions will be useful not only in parameterizing Boer-Mulders function but also
in studying the nuclear dependence. The accuracy of the data[79–82] available is
however still too low to draw any decisive judgment on the A dependence of the
asymmetry. Nevertheless, it is encouraging to see that such measurements can
indeed be carried out and more measurements are planned [83].
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IV. SUMMARY
Within the framework of the TMD factorization, the nuclear dependence of
the azimuthal asymmetry in polarized DY processes has been studied. We find
the nuclear modifications of the azimuthal asymmetries cos 2φ and sin 2φ are the
same and very similar to the azimuthal asymmetries cos 2φ in SIDIS obtained in
Ref. [29]. The nuclear effects of the azimuthal asymmetries sinφs and sin(2φ−φs)
are the same and similar to the azimuthal asymmetry cosφ in SIDIS obtained in
Ref. [28]. Among all the azimuthal asymmetries we have considered, the nuclear
dependence of the azimuthal asymmetry sin(2φ + φs) is most suppressed. The
nuclear modification of the azimuthal asymmetry and its nontrivial transverse
momentum dependence provides a very sensitive probe to measure the width of
the transverse momentum distribution in the TMD quark distribution functions.
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